Photoactive probes have been introduced recently to study the hydrophobic sector of integral membrane proteins. A simple procedure to synthesize a new series of highly radioactive aryl azido-phospholipids is presented. They effectively exchange with the boundary lipids and, on illumination, they cross-link to several membrane proteins with high efficiency. The procedure and analysis of labelling of ATPase from sarcoplasmic reticulum is reported as an example. The advantages in using these photoactive phospholipids are discussed together with some information obtained on their use.
probes can be absorbed in hydrophobic pockets present in the hydrophilic portion of a membrane protein or excluded from areas of strong lipidprotein interaction has also to be taken into account.
These limitations can be overcome by anchoring the photoactive group directly to a particular carbon atom of the phospholipid fatty-acid chain.
The synthesis of photoactive phospholipids, containing nitrene or carbene precursors, was first reported by Chakrabarti & Khorana (1975) and data about their interaction with lipids are already available . However, little information exists about the interaction of photoactive phospholipids with membrane proteins. Technical problems in obtaining highly radioactive phospholipids has limited the studies only to samples containing large amounts of photoactive phospholipids, which may result in perturbation of the native protein structure or the lipid-protein interaction (Stoffel & Metz, 1979; Takagaki et al., 1979) .
To improve this situation a simple synthesis of highly radioactive aryl azido-phosphatidylcholines is described in the present paper. Their use in labelling several membrane proteins is also reported. Boehringer (Mannheim, Germany). All solvents and salts were of the highest purity commercially available. 4-Fluoro-3-nitrophenyl azide was prepared as reported by Fleet et al. (1972) . Chromatographically pure egg phosphatidylcholine was a generous gift of Dr. A. Pitotti.
(1-Myristoyl)-lysolecithin and (1-palmitoyl)-lysolecithin were prepared as described by Wells & Hanahan (1969) . The
ATPase from sacroplasmic reticulum was prepared as reported by Warren et al. (1974a) . Its activity measured with an NADH-coupled system ranged from 10.4 to 12.5 units and its lipid/protein ratio from 28 to 37. (Nat + K+)-activated ATPase from pig kidney, cytochrome c oxidase and oligomycinsensitive ATPase from bovine mitochondria were prepared and assayed as reported previously (Montecucco et al., 1979 (Montecucco et al., , 1980 Bisson et al., 1979a (Smith et al., 1978) . The two phosphatidylethanolamines were purified by preparative t.l.c. as before. (1978) . The reaction, scaled down to use 2mg of starting phosphatidylethanolamine, was conducted under vacuum at 350C for 48h. The yield of phospholipid I was 60%; mono-and di-methylphosphatidylethanolamines (10%) and unreacted phosphatidylethanolamine (29%) were also present. The preparation of phospholipid II gave a yield of 56%; mono-and di-methylphosphatidylethanolamines (7%) and unreacted material (37%) were also present. The two radioactive azido-phosphatidyl- Vol. 193 %/\VV\ cholines were purified by preparative t.l.c. as described above. The products were stored in absolute ethanol at -800 C.
Labelling of membrane proteins with aryl azidophosphatidylcholines Lipid-protein complexes were formed by incubation with exogenous lipids (Eytan & Broza, 1978) , by sonication (Racker, 1973) and by detergentmediated exchange (Warren et al., 1974b) . The final content of azido-phospholipids was 0.4% (w/w) for phospholipid I and 0.1% (w/w) for phospholipid II with respect to the total lipids. The samples were illuminated at 0°C with a 1OOW mineral lamp (Ultra-Violet Products, San Gabriel, CA, U.S.A.) for various periods of time between 10 and 20min, with a glass/water filter to cut down radiation lower than 300nm. After illumination proteins were recovered, electrophoresed and counted for radioactivity as reported previously (Bisson et al., 1979a; Montecucco et al., 1980) .
Results
The reaction scheme for the synthesis of phospholipids I and II is presented in Fig. 1 . The coupling of a long-chain fatty acid to lysolecithin with the production of a phosphatidylcholine containing the photoactive aryl azido group about 2 nm (20 A) distant from the carbonyl group is shown in Fig.  1(a) . Fig. 1 Fig. 3 shows the electrophoretic profile of sarcoplasmic-reticulum ATPase. This enzyme is made up of one unit of mol.wt. 1 15 000 and it is pure as judged by SDS/polyacrylamide-gel electrophoresis. In Fig. 3 (b) (Weber & Osborn, 1969) . (b) Distribution on the gel of 14C radioactivity of phospholipid I of an illuminated (0) and of a non-illuminated (0) sample of 50,ug of protein is also shown. Gels were cut in 1.8 mm thick slices before counting for radioactivity.
on the gel and the radioactivity of the pellet, is reported in Table 1 , column (B). This parameter may be taken as an estimation of the ability of these probes to cross-link with membrane proteins. The apparently low values can be explained mainly by the fact that most of the added photoactive phospholipids are surrounded by other phospholipid molecules rather than being in contact with the protein. The extent of this effect is largely controlled by the lipid/protein ratio of the reconstituted lipid-protein complex. This was tested by using the reconstitution procedure (c) (see the legend to Table  1 ) with cytochrome c oxidase preparations containing a low amount of phospholipids, not sufficient to form a single shell of boundary lipids around the protein. In this case the yield of covalent labelling rose to 15-30%. From Table 1 , column (B), it also appears that different membrane proteins are labelled to different extents by the two azido-phospholipids. This result may be related to the amount of protein surface exposed to lipids, but also to its particular amino-acid composition. In fact, despite the broad reactivity of arylnitrenes, some selectivity toward certain amino-acid residues cannot be excluded.
Discussion
Although the structure at high resolution of many soluble and peripheral membrane proteins is known, Vol. 193 (b) I .
few primary sequences and low-resolution 'maps' of integral membrane proteins are available (Henderson & Unwin, 1975; Fuller et al., 1979; Sacher et al., 1979; Ovchinnikov et al., 1979) . In this situation it would be useful if methods could be developed to identify which subunits of a multi-subunit enzyme and which parts of the polypeptide sequence form the hydrophobic sector of a membrane protein. Several studies dealing with the use of small hydrophobic photoreactive probes appeared recently (Karlish et al., 1977; Kahane & Gitler, 1978; Bercovici &'Gitler, 1978; Abu-Salah & Findlay, 1977; Cerletti & Schatz, 1979; Goldman et al., 1979) . In addition to the question raised about their use by Bayley & Knowles (1978) artefactual labelling of the hydrophilic domain of integral proteins may derive from their absorption into hydrophobic pockets of the water-exposed surface of the protein. This has been shown to occur with' several soluble proteins and hydrophobic molecules of very different chemical structure and size (Halsey et al., 1978; Ueda et al., 1976; Stefanini et al., 1979) . Another potential fault is that these probes might be prevented from contacting the protein in regions where its interaciion with lipids is stronger. These drawbacks can be overcome, at least in principle, by anchoring the photoactive group to a selected position of the fatty-acid chain of a phospholipid. Photoactive phospholipids with aromatic and aliphatic azides and carbenes have been prepared (Chakrabarti & Khorana, 1975; Gupta et al., 1979; Stoffel & Metz, 1979; Moonen et al., 1979) . We have chosen as photoactive group the nitrophenyl azide because of its large absorbance at wavelengths greater than 300nm, which lowers the possibility of protein damage (Fleet et al., 1972; Bayley & Knowles, 1977) and because of its high efficiency in binding covalently to proteins (Fleet et al., 1972 ). The synthetic procedure described in the present paper offers several advantages. Nitroaryl azido-fatty acids of any length can be made from the commercially available amino acids and fluorophenyl azide. The aryl azido-phospholipids are made radioactive only at the last step of the synthesis. The reaction occurs under mild conditions and gives high yields. Three 14C atoms and nine 3H atoms can be introduced per phosphatidylcholine molecule. The high specific radioactivity of these photoactivatable phosphatidylcholines allows their use in trace amounts so that the biological system under study is minimally perturbed by the probe. It is also noteworthy that increasing amounts of photoactive lipids in the lipid-protein complex do not proportionally increase the amount of labelling since the aryl azido group itself acts as an efficient quencher of the activated nitrene (Reiser et al., 1968) . The choice among the methods used to prepare lipidprotein complexes depends on the lipid content of the purified protein sample and on its sensitivity to detergent or sonication. As shown in column (A) of Table 1 , these factors affect the amount of lipids, which remain associated with the protein after centrifugation on sucrose, giving rise to the large variability found. However, this does not affect the patterns of labelling of all the multi-subunit membrane enzymes tested so far. The yield of labelling with membrane proteins is an important parameter in assessing the usefulness of these probes. The ratio between the azido-phospholipids covalently bound to the protein and those present in the lipid-protein complex after centrifugation (Table 1 , column B) is only an underestimated value of the labelling efficiency. In fact only a fraction of the photoactive phospholipids present in the lipid vesicles comes into contact with the protein surface during the lifetime of the nitrene. This effect can be decreased by using lipid-deficient protein samples. With lipid-depleted cytochrome c oxidase it is possible to obtain a lipid-protein complex in which the azido-phospholipids are present mainly at the protein surface. In this case, the percentage of cross-linking depends largely on the effectiveness of the azido group to link covalently to the protein even if other interactions (i.e. with detergent molecules) may still occur. In such a case the yield of labelling is up to 30%. As shown in Fig. 3 , SDS/polyacrylamide-gel electrophoresis provides a very effective system for removing all the radioactive photoactivated phospholipids not covalently bound to the protein.
In fact no radioactivity is associated with protein samples treated with pre-illuminated aryl azidophospholipids or when the illumination step is not performed. These results rule out the possibility that overlapping or unspecific binding of the photodecomposed products to the protein occur when SDS/polyacrylamide-gel electrophoresis is used to monitor the labelling.
The present work shows that nitrophenyl azidophospholipids can be used advantageously in protein-topology studies. Indeed we have already reported preliminary studies of well-characterized membrane proteins such as cytochrome b5 (Bisson et al., 1979b) , cytochrome c oxidase (Bisson et al., 1979a) and the mitochondrial and (Na+ + K+)-activated ATPases (Montecucco et al., 1979 (Montecucco et al., , 1980 . Nevertheless some points need further investigation. For example, areas of the protein where the interaction with other classes of lipids is strong and selective may not be labelled by a photoactive phosphatidylcholine. Moreover, it is possible that only certain amino acids are able to react with nitroarylnitrene, which again will result in a lack of labelling.
A critical test for the use of these reagents concerns the possibility that they bind to protein sites outside the lipid bilayer (Bayley & Knowles, 1978) . We have some experimental evidence showing that this does not happen with these probes. Cytochrome b5 is labelled only in its hydrophobic tail, while no label is found on the water soluble trypsin-cleavable domain (Bisson et al., 1979b) . Both phospholipids I and II label five out of seven subunits of bovine heart cytochrome c oxidase (Bisson et al., 1979a ), but do not label anti-oxidase antibodies bound to the enzyme (Prochaska et al., 1980) . In the mitochondrial ATPase complex no labelling is found in the F1 portion, which is believed to project out of the lipid bilayer into the aqueous medium (Montecucco et al., 1980) .
